Introduction
It has repeatedly been observed during the last decade that latest Cretaceous and Tertiary palaeomagnetic inclinations are anomalously low in central Asia (e.g. Westphal, 1993; Thomas et al., 1994; Chauvin et al., 1996; CogneÂ et al., 1999, and references therein) , when compared to the reference Apparent Polar Wander Path (APWP) for Eurasia (e.g. Besse and Courtillot, 1991) . The observed palaeolatitudes of central Asian terranes are thus more southerly, by some 15°o n average, than those predicted by Eurasian palaeopoles. Figure 1 plots the differences between observed palaeolatitudes of the central Asian results (Fig. 2 ) used in this study and their predicted palaeolatitudes from a reference APWP. It does not make a signi®cant difference whether our own APWP, to be discussed below, is used, or whether a published APWP is used. Chauvin et al. (1996) have noted that there is a general tendency for the magnitude of the palaeolatitude anomalies to increase from southeastern Europe to China. A subset of our own data set, restricted to sites in a present-day latitude band of 31±39°, also shows this trend (Fig. 3) , although for the entire data set such a trend is less evident.
Several explanations have been proposed for these puzzling discrepancies, and these have been summarized by CogneÂ et al. (1999) . (1) Inadequate demagnetization may have led to palaeomagnetic inclinations that are too shallow because of contaminations by overprints. (2) The observed palaeolatitudes are accurate and re¯ect large subsequent northward movements of the sampling areas. (3) The reference APWP may be incompletely determined or based on¯awed palaeopoles. (4) The reference APWP may be inappropriate for Siberia. Siberia, as the craton to the north of the central Asian terranes, may itself have moved relative to the European sites where the palaeopoles were obtained. (5) The palaeolatitudes of sedimentary rocks may be inaccurate because of inclination shallowing due to depositional processes or compaction. (6) Global or local non-dipole ®elds may render the palaeomagnetically determined palaeolatitudes inaccurate.
All of these possible causes may have conspired to produce the discrepancies, although some are more likely than others. Most of the ABSTRACT Observed Tertiary palaeolatitudes in central Asia are more southerly (by about 1600 km on average) than those predicted from the Eurasian reference palaeopoles. Subsequent northward displacements of the central Asian terranes are unlikely to have been this large. In this study we analyse to what extent non-dipole ®elds, especially octupole ®elds, can explain this phenomenon. A global (zonal) octupole ®eld manifests itself in two ways. (1) Because the reference APWP is based mostly on results from the UK and North America, its palaeopoles will be far-sided as seen from the North Atlantic, but near-sided as seen from eastern Asia, giving predicted palaeolatitudes that are too high. (2) An octupole ®eld contribution produces observed palaeolatitudes, as calculated with the dipole formula for central Asia, that are too low. Both effects therefore increase the palaeolatitude anomalies in Asia. We ®nd that an octupole/dipole ®eld ratio (G3) of 0.06 or greater will reduce the palaeolatitude discrepancies signi®cantly and is of the same magnitude as the G3 estimate of a recent analysis of Early Tertiary European and North American data.
Terra Nova, 13, 471±478, 2001 Table 1 ) from the mean palaeopoles of Table 3 . results appear to have been obtained by thorough demagnetization and are supported by convincing ®eld tests, so poor demagnetization techniques likely cannot be blamed for all of the anomalies in the entire dataset. Some northward movement of terranes with respect to Siberia, subsequent to magnetization acquisition, is very likely, but there is a consensus that the magnitude of these displacements has been much less than the 1600 km, on average, that could be inferred from the palaeomagnetic results. Most studies describing the palaeolatitude anomalies used the reference APWP of Besse and Courtillot (1991) , and there is no reason to suspect the validity of this APWP for Europe or North America. As we will show below, using a dierently constructed reference APWP based on results from North-Atlantic-bordering continents only does not change the analysis. However, the absence of palaeopoles for Siberia means that à Eurasian' APWP of necessity is unsatisfactory if relative movements took place between Siberia and Europe, as suggested by CogneÂ et al. (1999) . We note, however, that the palaeolatitude discrepancies appear to remain of similar magnitude from 80 Ma through at least 25 Ma (Fig. 1) , implying that these relative movements must have taken place in the Miocene or later, for which there is little evidence. As acknowledged by CogneÂ and co-workers, the locations of the necessary extensional movements, whether in a discrete or a distributed zone, are very speculative, and the whole hypothesis merely replaces a tectonic enigma within central Asia by another presumably to be placed somewhere near the Urals or in eastern Europe.
Too-shallow inclinations because of sedimentary processes have been investigated experimentally by Tan et al. (1996) for rocks from Tarim; they found that the silt-sized fraction of the sediments did not show large enough inclination-shallowing effects, whereas the clay-sized fraction did. Most of the central Asian results are based on hematitic silt-or sandstones. The database contains a few igneous rocks (Thomas et al., 1994) , which would not show the effects of inclination shallowing, but more results from extrusives are badly needed.
While we cannot exclude the possibility that the palaeolatitude anomalies are caused by inclination error, we ®nd that the last possibility, namely a contribution from nondipole ®elds, is certainly also a possible solution. In recent years, attention has been refocused on non-dipole components in the longterm palaeomagnetic ®eld (Kent and Smethurst, 1998; Van der Voo and Torsvik, 2001) , but as a possible explanation for the central Asian palaeolatitude enigma, it was proposed already a decade ago by Westphal (1993) . According to Chauvin et al. (1996) , the Tertiary inclination anomaly progressively increases from 0°on the Atlantic margin, to about 10°in the eastern Mediterranean and Middle East, to reach a maximum of 25°in central Asia. They proposed that this re¯ects a regional non-dipole ®eld during the Tertiary, which at ®rst glance is a very logical explanation. However, as we will show in this study, even a zonal (globally symmetric) non- Westphal (1993) . In this GPDB Global Palaeomagnetic Data Base Reference Number; Dc Demag Code (5 is the best score); Q: Van der Voo (1993) classi®cation factor (7 is best score), listed only for studies with Dc less than 3; a 95 is the radius of the cone of 95% con®dence; Glat Site's latitude; Glon Site's longitude; Plat Palaeopole's latitude; Plon Palaeopole's longitude. Site coordinates, palaeopoles and declinations have been rotated into a Eurasian reference frame, using the Euler parameters of Torsvik et al. (2001b) . paper, we analyse the available data in terms of the magnitude of possible octupole ®elds that would be needed to reduce signi®cantly the palaeolatitude discrepancies.
Methodology
Two datasets have been compiled from the Global Palaeomagnetic Data Base, updated to the year 2000 (Lock and McElhinny, 1991) . One set comprises all central Asian`primary' palaeomagnetic results with demagnetization code 3 or greater, from localities north of Arabia, the Himalayas and Indochina, and south of the Siberian craton and its margins (Table 1) , for the interval 80±10 Ma.
Results with both a precision parameter k less than 10 and a 95 greater than 15°were not included. The localities are contained in the latitude band 20± 50°and longitudes 40±120° (Fig. 2) .
The second set comprises all reliable palaeopoles with either demagnetization code ³ 3 (Lock and McElhinny, 1991) or Q ³ 3 (Van der Voo, 1993), from the stable parts of the North Atlantic bordering continents for the interval 100±2 Ma, in order to construct a reference APWP. Reconstruction parameters to account for the opening of the Labrador Sea and North Atlantic are from Torsvik et al. (2001b) . Table 2 lists the palaeopoles in a European frame of reference.
Results from the North American Cordillera and the Pyrenean±Alpine± Carpathian belts and further south in Europe were not included.
To test for the eects of octupole contributions, we compare results recalculated for various G3 values between 0 and + 0.2, where G3 is the ratio of the zonal octupole and dipole ®elds. The best estimate of G3 obtained by Van der Voo and Torsvik (2001) in their analysis of North American and European palaeomagnetic results was about + 0.1, whereas Torsvik et al. (2001a) found that a G3 of 0.08 best explained the hot spot locations in the palaeomagnetic reconstructions of the Atlantic and Indian oceans. The recalculation of an octupole-corrected palaeolatitude value (h) is based on the observed inclination (I) in the formula (from equations 6.2.5 and 6.2.6 of Merrill et al., 1998 ; ignoring a possible quadrupole ®eld):
Following the procedures of determining G3 from the data of a single continent (see Van der Voo and Torsvik, 2001 ), we have attempted to analyse the internal consistency of the Tertiary data from central Asia, by plotting observed vs. internally predicted palaeolatitudes against each other. However, the area comprising all the sites (Fig. 2) does not have a large enough latitudinal extent and the data have too much variation in their observed inclinations to yield a statistically signi®cant plot; nonetheless, the analysis yields a best estimate, albeit not statistically signi®cant, of a G3 value of 0.1.
More successfully, we have resorted to a second approach, which uses ®rst a comparison between observed palaeolatitudes of the central Asian sites (as calculated with the dipole formula) and (Table 3) as well as for 0 > G3 >0.2, using a 20-Myr moving window at 5-Myr increments. These mean Eurasian palaeopoles are then used to predict the palaeolatitudes for the Asian sampling sites, and these are compared with the palaeolatitudes obtained from the individual studies, which in turn are recalculated for the same G3 ratios as those used for the corresponding reference poles. As expected, the average palaeolatitude discrepancy diminishes with increasing G3 and vanishes for G3 0.15 (Fig. 4) . There is, of course, variation from result to result in the palaeolatitude anomalies, as can be seen in examples of observed and predicted palaeolatitude sets as shown in Fig. 5 for G3 0.11 and G3 0.15.
Discussion
We have tested the possibility that a non-dipole ®eld, as documented for the 300±40 Ma interval from North American and European palaeopoles (Van der Voo and Torsvik, 2001) , can be held responsible for the palaeolatitude discrepancies that are observed in central Asia. We grant that we cannot exclude contributions to these discrepancies from other processes, notably inclination shallowing and ± to some extent ± relative convergent movements between blocks in central Asia and Siberia or between Siberia and Europe, but argue that all of the latter are unlikely to be of the magnitude to explain the discrepancies in full. Our study demonstrates that a long-term non-dipole ®eld is a viable contender in the array of possible explanations.
In Fig. 4 , we see that for G3 0.11, the mean dierence between observed and predicted palaeolatitudes (plus or minus its standard deviation) is A 3.72 9.34°, whereas the mean difference becomes zero at G3 0.15. However, we cannot conclude that the latter value is a better determination of the octupole ®eld than the G3 0.11 value, for at least two reasons. The ®rst is that the standard deviations overlap with the zero line for the range of G3 values of about 0.06 or greater, and the second reason is that some inclination shallowing and some relative northward movements, although less than the full 1600 km required by the dipole formula, have likely taken place.
The observation (Chauvin et al., 1996) that the palaeolatitude anomalies increase eastward from the Mediterranean to China is easily explained by the effects of the octupole ®eld on the predicted palaeolatitudes, when using an APWP determined from sites in the North Atlantic domain (Fig. 6) . With the mean reference site location centred at a longitude of about 300°(see Table 3 ), the largest changes in predicted palaeolatitudes will occur at a longitude of 120°, and will be progressively less at lower longitudes.
Conclusions
One of the more likely explanations for the large discrepancies between observed and predicted palaeolatitudes in Asia during the latest Cretaceous and Tertiary can be found in the contribution of a long-term nondipole ®eld to the total time-averaged geomagnetic ®eld. Our analysis yields an estimate of the octupole/dipole ratio greater than 0.06. This value is about the same as the ratio of 0.05± 0.06 in the Oligocene estimated by Schneider and Kent (1990) , and is not inconsistent with the Cretaceous ± Early Tertiary values of about 0.08 and 0.1, as estimated by Torsvik et al. (2001a) and Van der Voo and Torsvik (2001) , respectively. Even though only a ratio of 0.15 can reduce the average palaeolatitude anomaly to zero, we allow that some northward movements ($ 100s of km, not 1000s) of the central Asian terranes may have occurred, and that some degree of inclination shallowing certainly cannot be ruled out. Fig. 6 The dierences in predicted palaeolatitudes, as calculated with the geocentric axial dipole formula (G3 0) and with a ®eld including a 10% octupole ®eld contribution (G3 0.1), as a function of site longitude in Asia. Palaeolatitudes are calculated from the mean reference results obtained in the North Atlantic domain (Table 3) , for sites in central Asia. The dierence increases to reach a maximum at a longitude of 120°.
